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Abstract Otto Warburg first proposed that cancer origi-
nated from irreversible injury to mitochondrial respiration,
but the structural basis for this injury has remained elusive.
Cardiolipin (CL) is a complex phospholipid found almost
exclusively in the inner mitochondrial membrane and is in-
timately involved in maintaining mitochondrial functionality
and membrane integrity. Abnormalities in CL can impair
mitochondrial function and bioenergetics. We used shotgun
lipidomics to analyze CL content and composition in highly
purified brain mitochondria from the C57BL/6J (B6) and
VM/Dk (VM) inbred strains and from subcutaneously grown
brain tumors derived from these strains to include an astro-
cytoma and ependymoblastoma (B6 tumors), a stem cell tumor,
and two microgliomas (VM tumors). Major abnormalities in
CL content or composition were found in all tumors. The
compositional abnormalities involved an abundance of im-
mature molecular species and deficiencies of mature molec-
ular species, suggesting major defects in CL synthesis and
remodeling. The tumor CL abnormalities were also asso-
ciated with significant reductions in both individual and linked
electron transport chain activities. A mathematical model was
developed to facilitate data interpretation. The implications
of our findings to the Warburg cancer theory are discussed.—
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Otto Warburg first proposed that the prime cause of
cancer was impaired energy metabolism (1, 2). This im-
pairment involved irreversible injury to cellular respiration

that was followed in time by a gradual dependence on fer-
mentation (glycolytic) energy to compensate for the en-
ergy lost from respiration. Cell viability requires a constant
delta G′ of ATP hydrolysis of approximately 257 kJ/mol
(3, 4). Most normal mammalian cells achieve this level
of useable energy through respiration, whereas tumor
cells achieve this level through a combination of respira-
tion and glycolysis (2, 5). Indeed, elevated glycolysis is
the metabolic hallmark of nearly all tumors, including
brain tumors, and is the basis for tumor imaging using
labeled glucose analogs (5–8). Much controversy has sur-
rounded the Warburg theory, however, largely over issues
regarding the Pasture effect and aerobic glycolysis (9–14).
Numerous structural and biochemical abnormalities occur
in tumor cell mitochondria that could compromise func-
tion, thus forcing a reliance on glycolysis for cell survival
(5, 6, 9, 15–17). Although several prior studies have eval-
uated the lipid composition of tumor mitochondria (18–
25), no prior studies have evaluated both the content and
the composition of cardiolipin (CL) in highly purified
mitochondria isolated from brain tumors and from their
orthotopic host tissue.

CL (1,3-diphosphatidyl-sn -glycerol) is a complex mito-
chondrial-specific phospholipid that regulates numerous
enzyme activities, especially those related to oxidative
phosphorylation and coupled respiration (26–31). CL
binds complexes I, III, IV, and V and stabilizes the super
complexes (I/III/IV and II/III/IV), demonstrating an ab-
solute requirement of CL for catalytic activity of these
enzyme complexes (27, 29, 32, 33). CL restricts pumped
protons within its head group domain, thus providing the
structural basis for mitochondrial membrane potential
and supplying protons to the ATP synthase (26, 30). The
activity of respiratory enzyme complexes I and III and their
linked activities are directly related to CL content (29, 34,
35). The activities of the respiratory enzyme complexes
are also dependent on CL molecular species composition
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(30). Indeed, the degree of CL unsaturation is related to
states 1–3 of respiration (31, 36). CL contains two phos-
phate head groups, three glycerol moieties, and four fatty
acyl chains (Fig. 1). Almost 100 molecular species of CL
were recently detected in the mitochondria from mamma-
lian brain (37, 38). Moreover, these molecular species form
a unique pattern consisting of seven major groups when
arranged according to FA chain length and degree of un-
saturation (38). Interestingly, the CL pattern in B6 brain
mitochondria is conserved across mammalian species
(37). In contrast to B6 mice, VM mice have an unusual
distribution of brain CL molecular species that could re-
late to the high incidence of spontaneous gliomas in this
strain (39).

The complexity of CL molecular species is regulated
through both synthesis and remodeling. The condensation
of phosphatidylglycerol and CDP-diacylglycerol produces
immature CL, which contains predominantly shorter chain
saturated and monounsaturated fatty acyl chains (palmitic

and oleic acids). The immature CL is then remodeled to
form mature CL through the coordinated activities of spe-
cific lipases and acyltransferase/transacylase, which remove
and transfer, respectively, longer chain unsaturated FAs
from the sn -2 position of donor choline and ethanolamine
glycerophospholipids (39–41). We recently showed that the
complex pattern of brain CLmolecular species arises from a
simple remodeling process involving random FA incorpo-
ration (38).

Alterations in phospholipid and FA composition were
previously reported in neural tumors (42–44). These al-
terations could influence the FAs available for CL remod-
eling. In the present study, we used shotgun lipidomics
to analyze CL content and composition in highly purified
brain mitochondria from the C57BL/6J (B6) and VM/Dk
(VM) inbred strains and from subcutaneously grown brain
tumors derived from these strains. The syngeneic B6 brain
tumors were chemically induced and included an astro-
cytoma (CT-2A) and an ependymoblastoma (EPEN) (45).
The syngeneic VM brain tumors arose spontaneously and
included two microgliomas (VM-M2 and VM-M3) and a
stem cell tumor (VM-NM1) (46). Our results show that
these mouse brain tumors contain CL abnormalities that
are unique to each tumor type and that these abnormalities
are associated with deficiencies in electron transport chain
(ETC) activities. Our results suggest that abnormal CL can
underlie the irreversible respiratory injury in tumors, and
they link mitochondrial lipid defects to the Warburg theory
of cancer.

MATERIALS AND METHODS

Materials
Synthetic 1,1′,2,2′-tetramyristoyl cardiolipin (T14:0 CL) was

purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Solvents
for sample preparation and mass spectrometric analysis were
obtained from Burdick and Jackson (Honeywell International,
Inc., Muskegon, MI). All other chemical reagents were of at least
analytical grade or the best grade available and were obtained
from either Fisher Scientific (Pittsburgh, PA) or Sigma-Aldrich
(St. Louis, MO).

Mice
The VM mice were obtained from Professor H. Fraser, Univer-

sity of Edinburgh. The B6 mice were obtained from the Jackson
Laboratory (Bar Harbor, ME). Mice of both strains were matched
for age (4 months) and sex (males) and were propagated under
similar conditions at the Boston College Animal Facility. Mice
were housed in plastic cages with filter tops containing Sani-Chip
bedding (P.J. Murphy Forest Products Corp., Montville, NJ). The
room was maintained at 22°C on a 12 h light/dark cycle. Food
(Prolab RMH 3000; PMI LabDiet, Richmond, IN) and water were
provided ad libitum. This study was conducted according to
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and was approved by the Institutional Animal
Care Committee.

Tumors
The CT-2A and EPEN brain tumors were originally produced

from the implantation of 20-methylcholanthrene in the brains of

Fig. 1. Structure of cardiolipin (CL) (1,1′,2,2′-tetraoleyl cardiolipin).
This is one of the over 100 CL molecular species present in mouse
brain mitochondria.
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B6 mice as previously described (45, 47). The CT-2A tumor was
isolated initially from the cerebral cortex in 1985 and was char-
acterized as a malignant anaplastic astrocytoma, whereas the
EPEN tumor was isolated from the cerebral ventricle in 1949
and was characterized as an ependymoblastoma (45, 48). The
VM-NM1, VM-M2, and VM-M3 tumors arose spontaneously in
the cerebrum of three different adult VM mice from 1993–
2000, as previously described (46). VM-NM1 is a rapidly growing
nonmetastatic tumor with characteristics of neural stem cells. The
VM-M2 and VM-M3 tumors are highly invasive/metastatic tumors
of microglial/macrophage origin with characteristics of glioblas-
toma multiforme (46).

Male mice (8–12 weeks of age) were used as tumor recipients.
Tumor pieces from donor mice were diced and resuspended
in cold PBS at pH 7.4. Mice were anesthetized with isoflurane
(Halocarbon, River Edge, NJ), and 0.1 ml of diced tumor tissue
suspended in 0.2 ml PBS was implanted subcutaneously in the
right flank by injection using a 1 cc tuberculin syringe and an
18 gauge needle.

Mitochondrial isolation
Nonsynaptic mouse brain or tumor mitochondria was isolated

using discontinuous Ficoll and sucrose gradients as previously
described (38, 39). A highly enriched mitochondrial fraction
was obtained and used for lipidomics analysis as well as ETC en-
zyme activities.

Sample preparation for mass spectrometric analysis
An aliquot of purified mitochondria was transferred to a dis-

posable culture borosilicate glass tube (16 mm 3 100 mm). An
internal standard, T14:0 CL (3 nmol/mg protein) was added to
each purified mitochondrial homogenate based on the protein
concentration, thereby allowing the final quantified lipid content
to be normalized to the protein content to eliminate variability
between the samples. Lipids from each mitochondrial homoge-
nate were extracted by a modified Bligh and Dyer procedure as
previously described (37, 49). Each lipid extract was reconstituted
with a volume of 500 ml/mg protein in CHCl3-MeOH (1:1; v/v).
The lipid extracts were flushed with nitrogen, capped, and
stored at 220°C for electrospray ionization/mass spectrometry
(ESI/MS) analysis. Each lipid solution was diluted approximately
50-fold immediately prior to infusion and lipid analysis.

Instrumentation and MS
High resolution-based shotgun lipidomics analyses of CL were

performed on a triple-stage quadrupole (QqQ) mass spectrom-
eter (Thermo Scientific, San Jose, CA) equipped with an ionspray
ion source as previously described (50). All ESI/MS spectrometric
analyses were conducted by direct infusion, employing a Harvard
syringe pump at a flow rate of 4 ml/min. Typically, 1 min or 2 min
of signal averaging was employed for each mass spectrum or tan-
dem mass spectrum, respectively. For product ion analyses by the
QqQ mass spectrometer, the precursor ion was selected by the first
quadrupole, with a mass window of 0.7 Th. All mass spectra and
tandem mass spectra were automatically acquired by a customized
sequence of sub-routines operated under Xcalibur software (51).

Electron transport chain enzyme activities
Purified mitochondrial samples were freeze-thawed three

times before use in enzyme analysis to give substrate access to
the inner mitochondrial membrane. All assays were performed
on a temperature-controlled SpectraMax M5 plate reader (Molec-
ular Devices) and were done in triplicate. Specific enzyme activ-
ities were calculated using ETC complex inhibitors in order to
subtract background activities.

Complex I (NADH-ubiquinone oxidoreductase) activity was
determined by measuring the decrease in the concentration of
NADH at 340 nm as previously described (52, 53). The assay
was performed in buffer containing 50 mM potassium phosphate
(pH 7.4), 2 mM KCN, 5 mM MgCl2, 2.5 mg/ml BSA, 2 mM anti-
mycin, 100 mM decylubiquinone, and 0.3 mM K2NADH. The
reaction was initiated by adding purified mitochondria (20 mg).
The enzyme activity was measured for 5 min, and values were
recorded 30 s after the initiation of the reaction. Specific activ-
ities were determined by calculating the slope of the reaction in
the linear range in the presence or absence of 1 mM rotenone
(complex I inhibitor).

Complex I/III (NADH cytochrome c reductase) activity was
determined by measuring the reduction of oxidized cytochrome
c at 550 nm. The complex I/III assay was performed in buffer
[50 mM potassium phosphate (pH 7.4), 1 mM EDTA, 2 mM
KCN, 32 mM oxidized cytochrome c, and 105 mM K2NADH]
and was initiated by adding purified mitochondria (10 mg).
The reaction was measured for 30 s with a linear slope in the
presence or absence of 1 mM rotenone and 2 mM antimycin
(complex I and III inhibitors) (52–54).

Complex II/III (succinate cytochrome c reductase) activity
was measured following the reduction of oxidized cytochrome
c at 550 nm. The complex II/III assay was performed in buffer
[25 mM potassium phosphate (pH 7.4), 20 mM succinate, 2 mM
KCN, 2 mg/ml rotenone] using purified mitochondria (10 mg).
The reaction was initiated by adding 40mMoxidized cytochrome c
in the presence or absence of 2 mM antimycin (complex III in-
hibitor) (52, 53).

Association of mitochondrial ETC activities with CL
content and composition

Because mitochondrial ETC activities depend on the content
and the composition of CL, we modeled ETC activities as a func-
tion of CL content and composition in the mouse brain tumors.
The two main variables included 1) total CL content and 2) the
distribution of CL molecular species in mitochondria. The infor-
mation about the molecular species distribution was simplified
into a single number, which described the degree of relationship
of the CL composition of the tumor mitochondria to that of brain

Fig. 2. CL content in mitochondria isolated from mouse brain and
brain tumors. Mitochondria were isolated as described in Materials
and Methods. Values are represented as the mean 6 SD of three
independent mitochondrial preparations from brain or tumor tis-
sue. Asterisks indicate that the tumor values differ significantly from
the B6 or the VM brain values at the * P , 0.01 or ** P , 0.001
levels as determined by the two-tailed t -test.
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mitochondria from the host mouse strain. This number was gen-
erated as a Pearson product-moment correlation. Rather than
using the correlation coefficients as a statistical measure of sig-
nificance, we used the correlation coefficient only to assess the
degree of “compositional similarity” of CL from the host mouse
brain mitochondria to that of tumor mitochondria. A low coeffi-
cient indicates that CL molecular species composition is dis-
similar between the host brain mitochondria and the tumor
mitochondria. A high correlation indicates that CL molecular
species composition is similar between the host brain mitochon-
dria and the tumor mitochondria.

The following formula was used to associate each ETC activity
(complex I, complex I/III, and complex II/III) with CL content
and composition.

Activity 5 a1 content 1 a2 content 3 correlation 1 c

We modeled the activity of a given ETC enzyme complex as a sum
of three terms. The first term (a1 content) is based on the as-
sumption that ETC activity will decrease with decreases in CL
content. The second term (a2 content 3 correlation) is based

on the assumption that ETC activity is related to both CL content
and the distribution of molecular species. The third term (c) is a
constant indicating a basal level of enzymatic activity indepen-
dent of CL. The best-fit values of a1, a2, and c were calculated
in the R statistical programming environment (55) for each com-
plex using the B6 data. We then considered whether the B6 and
the VM ETC activities had similar biochemical dependences
on the CL content and molecular distribution. We tested this
by plotting the VM data on the B6-fit quadratic surfaces. To plot
the data concurrently, we shifted the VM data vertically to best
fit the B6 surfaces. In other words, optimal VM c values for each
complex were fit to minimize the square deviation from the B6
surfaces. This shift is necessary because the CL pattern of the
VM brain is different from that of the B6 brain (39). The relative
c values in the B6 and VM strains for complex I were 230.277 and
2343.775, respectively. The relative c values for complex I/III
were 11.306 and 2115.125, respectively. The relative c values
for complex II/III were 121.634 and 251.15, respectively. We
found that the VM data exhibited qualitative behavior consistent
with the B6-fit surfaces.

Fig. 3. Distribution of CL molecular species in mouse brain and brain tumor mitochondria. A: Distribution in B6 mouse brain and in the
CT-2A and the EPEN tumors. B: Distribution in VM mouse brain and the VM-NM1, the VM-M2, and the VM-M3 tumors. CL molecular
species are arranged according to the mass-to-charge ratio based on percentage distribution and are subdivided into seven major groups
as we previously described (38). Corresponding mass content of molecular species in normal brain and tumor mitochondria can be found
in Table 1. All values are expressed as the mean of three independent mitochondrial preparations, in which six cortexes or tumors were
pooled for each preparation.
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RESULTS

We used multiple discontinuous gradients to obtain
highly purified mitochondria from normal brain and from
brain tumor tissue. The length, as well as choice of discon-
tinuous gradients employed, was designed for the purpose
of mitochondrial lipid analysis as well as for assessment of
ETC enzyme activities by standard biochemical procedures
(38). We recently showed that these isolation procedures
provide precise information on the content and composi-
tion of total mitochondrial lipids when analyzed using
shotgun lipidomics (38, 39). Mitochondria were isolated
from the brain tumors grown subcutaneously in order to
avoid contamination from normal brain tissue surround-
ing the tumors. Because the tumors analyzed were de-

rived from either neural stem/progenitor cells or from
glial cells (45, 46, 56), the CL in tumor mitochondria
was compared with that in nonsynaptic mitochondria from
syngeneic mouse brain. Our analysis in purified mito-
chondria also eliminates issues regarding differences in
mitochondrial content between tumor tissue and normal
tissue (57). Because the B6 and VM mouse strains differ
in CL composition (39), our comparative analysis was be-
tween the host strain and those syngeneic tumors arising
in that strain.

CL abnormalities in the CT-2A and the EPEN tumors
CL content was significantly lower in the mitochondria

from the CT-2A and the EPEN tumors than in the non-

Fig. 3.—Continued.
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TABLE 1. Mass content of cardiolipin molecular species of mitochondria isolated from brain and brain tumors

[M-2H]- Molecular Species B6 Brain CT-2A EPEN VM Brain VM NM1 VM M2 VM M3

684.95 18:1-16:1-16:1-16:1 0.0460.01 0.9460.31
685.96 18:1-16:1-16:1-16:0 1.3160.03 1.2460.48
686.97 18:1-16:1-16:0-16:0 1.0660.26 0.8860.19 1.0560.30
698.97 18:2-18:1-16:1-16:1 1.1460.12 0.1760.01 0.7760.29 0.8860.02 0.9260.11 0.5960.14
699.98 18:1-18:1-16:1-16:1 0.3060.03 1.3360.34 0.2660.05 0.9560.14 0.6360.05 1.2960.08 0.5860.12
700.99 18:1-18:1-16:0-16:1 0.3160.05 1.0860.23 0.3260.07 0.9760.35 0.5160.09 0.9760.17 0.5960.21

18:2-18:1-16:0-16:0
18:2-18:0-16:1-16:0

701.99 18:1-18:1-16:0-16:0 0.2460.04 0.8760.17 0.4460.11 0.6560.29 0.4760.03 1.1460.17 0.6760.25
18:2-18:0-16:0-16:0
18:1-18:0-16:0-16:1

709.96 20:4-18:2-16:1-16:1 0.0960.01 0.1760.07 1.0360.39
710.97 20:4-18:1-16:1-16:1 0.4160.06 1.2560.17 0.2460.01 2.0260.12

20:4-18:2-16:1-16:0
711.98 20:4-18:1-16:1-16:0 0.4560.06 1.6260.11 0.4660.09 0.9560.28 1.9160.02 2.3560.16 1.5160.23

18:2-18:2-18:1-16:1
712.99 18:2-18:1-18:1-16:1 0.7160.02 1.9160.07 0.7360.17 1.6260.05 1.9260.11 1.0460.15 1.0060.19

18:1-18:1-18:1-16:2
18:2-18:1-18:0-16:2
18:2-18:2-18:0-16:1

713.99 18:1-18:1-18:1-16:1 1.4760.23 2.0060.63 0.7560.15 3.3460.73 1.3560.08 1.9960.31 1.3360.20
18:2-18:1-18:1-16:0

715.00 18:1-18:1-18:1-16:0 0.6860.04 1.5760.30 0.3960.08 1.3060.09 0.5960.08 1.3460.08 0.7660.15
18:0-18:1-18:1-16:1

716.01 18:0-18:1-18:1-16:0 0.0960.02 0.1760.05 0.7660.43
18:0-18:0-18:1-16:1

721.96 20:4-20:4-16:1-16:1 0.2360.03 0.2760.08
722.97 20:4-20:4-16:1-16:0 0.3660.03 0.1860.05 0.6060.10

20:4-18:2-18:2-16:1
723.98 20:4-18:2-18:1-16:1 0.9560.08 1.3660.21 0.6560.14 2.0160.13 2.2460.19 1.4260.32 7.4261.09
724.99 20:4-18:2-18:1-16:0 2.2260.17 1.6160.31 1.0760.19 3.0860.34 3.3860.14 1.3560.11 6.0760.44

20:4-18:1-18:1-16:1
725.99 20:4-18:1-18:1-16:0 1.7460.13 2.0960.04 1.4260.31 2.4660.26 3.9360.29 1.5860.05 3.8360.65

20:3-18:1-18:1-16:1
727.00 18:2-18:1-18:1-18:1 2.4860.33 0.7760.15 3.7360.18 1.5260.13 1.3560.40 1.9060.22
728.01 18:1-18:1-18:1-18:1 3.7260.72 0.3260.05 5.1360.95 0.6560.09 1.3360.33 0.9760.17
729.02 18:1-18:1-18:1-18:0 0.3060.03 0.1160.03 0.7560.26 0.3360.06
733.96 22:6-20:4-16:1-16:1 0.1460.02 0.0460.01
734.97 20:4-20:4-18:2-16:1 0.5660.06 0.0760.02
735.98 20:4-20:4-18:1-16:1 1.4160.16 0.2060.05 2.2960.67 0.6360.11
736.99 20:4-20:4-18:1-16:0 2.1160.07 1.0060.07 0.4160.14 2.7860.42 1.1860.10 2.3860.62 1.2360.26

22:6-18:1-18:1-16:1
22:6-18:2-18:1-16:0

737.99 20:4-18:2-18:1-18:1 2.6860.37 1.2060.28 0.4660.10 3.5260.65 1.2160.25 2.3260.54 1.6760.26
22:6-18:1-18:1-16:0

739.00 20:4-18:1-18:1-18:1 3.3060.45 0.3960.11 3.7160.45 0.8160.08 1.2760.15 1.6160.25
740.01 20:4-18:1-18:1-18:0 1.0760.14 0.1960.04 1.6260.30 0.9460.38 2.0860.85 3.3560.62

20:3-18:1-18:1-18:1
741.02 20:4-18:1-18:0-18:0 0.2560.08 0.1060.02 2.3460.30

20:3-18:1-18:1-18:0
746.97 22:6-18:3-18:2-18:2 0.4060.04
747.98 20:4-20:4-18:2-18:2 1.3860.09 0.2560.04 2.8160.47

20:4-20:4-20:4-16:0
22:6-20:4-18:1-16:1
22:6-22:6-16:0-16:0
22:6-18:2-18:2-18:2

748.99 20:4-20:4-18:2-18:1 1.9960.19 0.1960.03
749.99 20:4-20:4-18:1-18:1 3.2460.24 0.2660.04
751.00 22:6-18:1-18:1-18:1 2.7460.10 0.1760.02

20:4-20:3-18:1-18:1
752.01 22:6-18:1-18:1-18:0 0.5460.17 0.1260.04
753.02 20:4-20:2-18:1-18:0 0.1560.04 0.0760.01

20:4-20:1-18:1-18:1
754.03 20:4-20:1-18:1-18:0 0.0960.02 0.0560.02
755.03 20:4-20:1-18:0-18:0 0.0460.01
758.97 22:6-20:4-20:4-16:1 0.3260.04 0.0560.02 0.8960.19

22:6-22:6-18:2-16:1
759.98 22:6-20:4-18:2-18:2 0.7660.05 0.0760.03

22:6-20:4-20:4-16:0
22:6-22:6-18:1-16:1

(continued)
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synaptic mitochondria from the control B6 mouse brain
(Fig. 2). Almost 100 molecular species of CL occur in non-
synaptic mitochondria from B6 mice (38). When arranged
according to mass-to-charge ratios, these molecular species
form a unique pattern consisting of seven major groups
(Fig. 3A and Table 1). Group I contains predominantly
shorter chain saturated or monounsaturated FAs, whereas
groups V–VII contain predominantly longer chain PUFAs
(38). The shorter chain saturated or monounsaturated FAs
are indicative of immature CL, whereas the longer chain
PUFAs are indicative of mature CL. The distribution of
CL molecular species in the CT-2A and the EPEN mito-
chondria differed markedly from that of the B6 nonsynap-
tic mitochondria (Fig. 3A). The degree of relationship in
CL molecular species distribution, expressed as a correla-
tion coefficient between B6 nonsynaptic mitochondria and
CT-2A and EPEN tumor mitochondria, was 0.098 and
0.419, respectively. CT-2A was missing most molecular spe-
cies in groups IV, V, and VII, while also expressing an abun-
dance of species in and around group I. The distribution
of CL molecular species was also abnormal in groups II,
III, and VI. As with the CL distribution in CT-2A mito-
chondria, the CL distribution in the EPEN mitochondria
also contained an abundance of species in and around

group I and deficiency of species in groups III–VII. The
overall distribution of molecular species also differed be-
tween the CT-2A and EPEN tumors.

CL abnormalities in the VM-M2, VM-M3, and
VM-NM1 tumors

In contrast to the B6 mouse brain, which contains about
100 molecular species of CL symmetrically distributed
over seven major groups (Fig. 3A), the VM mouse brain
is unique in having only about 45 major CL molecular spe-
cies and in missing molecular species in groups IV, V, and
VII (Fig. 3B and Table 1). CL content was significantly
lower in the mitochondria from the VM-NM1 and the
VM-M2 tumors than in the nonsynaptic mitochondria
from the control VM mouse brain (Fig. 2). No significant
difference in CL content was found between the VM-M3
tumor and the VM brain. Each VM tumor differed from
the VM brain with respect to the distribution of CL molec-
ular species (Fig. 3B). The degree of relationship in CL
molecular species distribution, expressed as a correlation
coefficient between VM nonsynaptic mitochondria and
the VM-NM1, VM-M2, and VM-M3 tumor tissue, was
0.601, 0.699, and 0.475, respectively. The CL molecular
species also differed significantly among the VM tumors.

TABLE 1. Continued

[M-2H]- Molecular Species B6 Brain CT-2A EPEN VM Brain VM NM1 VM M2 VM M3

760.99 22:6-20:4-18:2-18:1 1.7260.08 0.1860.08 1.3160.32
761.99 22:6-20:4-18:1-18:1 2.9460.23 0.1160.02 1.3560.15 0.9760.16
763.00 22:6-20:4-18:1-18:0 1.0360.05 0.0760.02 1.1660.26 1.4560.22

22:6-20:3-18:1-18:1
764.01 22:4-20:4-18:1-18:1 0.2460.02 0.1160.03 1.4860.33 1.4760.24

22:6-20:3-18:1-18:0
765.02 22:4-20:4-18:1-18:0 0.0860.01
770.97 22:6-20:4-20:4-18:3 0.1860.05 0.0960.02
771.98 22:6-22:6-20:4-16:0 0.4260.05 0.1060.04 2.0460.23

20:4-20:4-20:4-20:4
22:6-20:4-20:4-18:2
22:6-22:6-18:2-18:2

772.99 22:6-20:4-20:4-18:1 1.4260.12 2.0360.11 0.1460.04 2.6560.12 2.2560.45 2.3260.31
773.99 22:6-22:6-18:1-18:1 1.8160.09 1.6460.18 0.1160.02 2.6860.10 2.3060.99 2.2260.42

22:6-20:4-20:3-18:1
775.00 16:0-20:3-22:5-22:5 0.2860.10

18:2-20:3-20:3-22:5
18:0-18:1-22:6-22:6
18:0-20:3-20:4-22:6

776.01 18:0-18:0-22:6-22:6 0.1660.05
783.98 22:6-22:6-20:4-18:2 0.3360.05
785.99 22:6-22:6-20:4-18:1 1.3460.08

22:6-20:4-20:4-20:3
795.98 20:4-20:4-22:6-22:6 0.2560.09 0.1460.06
796.99 22:6-22:6-22:6-18:1 0.5060.04 0.1260.05

22:6-22:6-20:4-20:3
797.99 20:4-20:3-22:6-22:5 0.1660.07 0.0660.02

22:6-22:6-22:6-18:0
22:6-22:6-22:5-18:1

807.98 20:4-22:6-22:6-22:6 0.0760.03
813.02 22:6-22:6-22:6-22:5 0.0660.02

Lipid extracts from purified mitochondria were prepared using a modified Bligh and Dyer procedure. The cardiolipin (CL) molecular species
in the lipid extracts were identified by searching for plus-one isotopologues of double-charged CL ions followed by product-ion analyses of these
plus-one isotopologues. The CLmolecular mass was obtained from the quadrupole mass spectrometer (QqQ)mass spectrometer. The doubly charged
CL plus-one isotopologues were used to quantify individual CL molecular species as previously described (50, 73). The results are expressed as
nmol/mg protein and represent the mean 6 standard deviation from three independent isolations of mitochondria. The ion peaks of CL molecular
species that constituted less than 0.01 nmol/mg protein as determined by a QqQ mass spectrometer have been omitted from the Table.
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Electron transport abnormalities in mouse brain tumors
The activities of complexes I, I/III, and II/III were sig-

nificantly lower in mitochondria from the CT-2A and the
EPEN tumors than in mitochondria from the syngeneic
B6 brain. Likewise, these ETC activities were signifi-
cantly lower in mitochondria from the VM-NM1, VM-
M2, and VM-M3 brain tumors than in mitochondria
from the syngeneic VM brain (Fig. 4). The unusual dis-
tribution of CL molecular species in the VM brain mito-
chondria could account for the lower ETC activities in
the VM mice, compared with the B6 mice, as we re-
cently described (39).

Relationship of CL abnormalities to ETC activities in the
B6 and the VM brain tumors

To illustrate the relationship of ETC enzyme activities to
CL content and composition, we utilized a two-dimensional
linear regression to fit the measured activity values to
a function of the form: activity 5 a1 content 1 a2 con-
tent 3 correlation 1 c (see Materials and Methods). The
best-fit relationship for each complex was expressed as a
quadratic surface. Our objective was to compare the data
for the CT-2A and the EPEN tumors with those for their
B6 host strain and to compare the VM-NM1, VM-M2, and
VM-M3 tumors with their VM host strain. This analysis de-
monstrated a direct relationship between ETC activity, CL
content, and the distribution of molecular species (Fig. 5).
In comparing the B6 tumors with their host strain for com-
plex I, the quadratic surface was calculated as: activity 5
15.614 content 1 3.443 content 3 correlation 230.277.
For complex I/III, the quadratic surface was calculated
as: activity 5 1.599 content 1 3.480 content 3 correla-

Fig. 4. Electron transport chain (ETC) enzyme activities of com-
plexes I, I/III, and II/III in mouse brain and brain tumor mito-
chondria. Enzyme activities are expressed as nmol/min/mg protein
as described in Materials and Methods. All values are expressed as
the mean of three to four independent mitochondrial preparations,
in which six cortexes or tumors were pooled for each preparation.
Asterisks indicate that the tumor values differ significantly from the
B6 or the VM brain values at the * P , 0.025 or ** P , 0.001 levels
as determined by the two-tailed t -test.

Fig. 5. Relationship of CL abnormalities to ETC activities in the
B6 and the VM mouse brain tumors. The data are expressed on
the best-fit three-dimensional quadratic surface for each electron
transport chain complex as described in Materials and Methods.
To illustrate the position of all tumors on the same graph relative
to their host strain, the data for the VM strain and tumors were fit to
the B6-fit quadratic surface as described in Materials and Methods.
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tion 1 1.306. For complex II/III, the quadratic surface
was calculated as: activity 5 2.768 content 1 2.685 con-
tent 3 correlation 1 21.634. For each complex, the ETC
activity decreased with decreases in CL content relative
to that in the B6 brain. However, the a1 component
was greater for complex I (15.614) than for complex
I/III (1.599) or complex II/III (2.768), indicating that
complex I activity is more dependent on CL content
than is the activity of the other two complexes. Similar
trends were also found for the relationship between ETC
activities and CL abnormalities in the VM brain tumors.

The various tumors cover a variety of CL contents and
molecular species compositions, suggesting that the enzy-
matic activity surfaces that we have modeled will be useful
for predicting complex activities in other tumors using CL
content and distribution. For example, the EPEN tumor
was positioned furthest from its control B6 host strain,
whereas the VM-M3 tumor was positioned closest to its
VM host strain. These data demonstrate that the differ-
ence between a tumor and its respective host strain for
an ETC activity is directly related to the difference between
the tumor and host in CL content and composition.

DISCUSSION

The Warburg theory describes cancer as a metabolic
disease of cellular respiration and has generated consider-
able debate and controversy in the cancer field. Much of
the controversy surrounds the molecular mechanisms
responsible for aerobic glycolysis, which involves defects
in the Pasture effect (13, 14, 58, 59). Indeed, the expres-
sion of aerobic glycolysis in tumor cells has become gen-
erally known as the “Warburg effect” (10, 11, 60).
Interestingly, Warburg considered the phenomenon of
aerobic glycolysis as too labile or too dependent on envi-
ronmental conditions to be a reliable indicator of tumor

metabolism (1, 2). Rather, he emphasized the importance
of structural defects in respiration as the more robust
mechanism of cancer. A greater dependence on glycolysis
would naturally arise following irreversible respiratory
injury in order to maintain an adequate delta G′ of ATP
hydrolysis for cell survival. The emphasis on disturbances
in aerobic glycolysis has diverted attention away from the
key aspect of Warburgʼs theory on the underlying struc-
tural abnormalities responsible for injured respiration in
tumor cells (9, 12, 60). Because CL is a major structural
lipid of the mitochondrial inner membrane that influ-
ences mitochondrial function and bioenergetics, we in-
vestigated for the first time the content and composition
of CL in highly purified mitochondria from a diverse
group of mouse brain tumors.

We found that CL composition and/or content in mouse
brain tumor mitochondria differed markedly from that in
mitochondria derived from the normal syngeneic host
brain tissue. Moreover, we showed that these CL abnor-
malities were associated with significant reductions in ETC
activities, consistent with the pivotal role of CL in main-
taining the structural integrity of the inner mitochondrial
membrane (31). We conducted our studies on mitochon-
dria isolated from brain tumors grown in vivo rather than
on mitochondria isolated from cultured brain tumor cells,
because our preliminary studies showed that in vitro cul-
ture conditions produce CL abnormalities that would
confound data interpretation (61). Our findings of CL
abnormalities in five diverse mouse brain tumor types are
consistent with earlier studies in rat hepatomas showing
shorter chain saturated FAs (palmitic and stearic) charac-
teristic of immature CL (22, 62). On the basis of these
and other observations, we suggest that most tumors,
regardless of cell origin, contain abnormalities in CL com-
position and/or content.

Because ETC complexes I, I/III, and II/III are necessary
for maintaining the mitochondrial proton gradient and

Fig. 6. Relationship of genetic, epigenetic, and environmental factors to dysfunctional respiration asso-
ciated with abnormalities in CL content and composition. ROS, reactive oxygen species.
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respiratory energy production (26, 63), the CL abnor-
malities we found will compromise respiratory energy
metabolism in these brain tumors. Moreover, we consider
it highly unlikely that the CL abnormalities expressed in
the various mouse brain tumors, or in any tumor for that
matter, are reversible. The correction of CL abnormal-
ities in tumors would require a cession of tumor growth
coupled with multiple changes in CL synthesis and remod-
eling. Owing to the complex nature of CL remodeling as
well as to the multiple components involved (41), it seems
unlikely that CL molecular speciation could be restored
in any cancer cell. Hence, our findings in mouse brain
tumors provide evidence linking abnormal CL to irrevers-
ible respiratory injury.

Although Warburg emphasized that irreversible respi-
ratory injury was the prime cause of cancer, it is unclear
whether the CL abnormalities we found in these mouse
brain tumors arose as a cause or as an effect of tumori-
genesis or tumor progression. Originally, the CT-2A astro-
cytoma and EPEN ependymoblastoma arose many months
after 20-methylcholantherene implantation in the B6 mouse
brain, whereas the VM tumors arose spontaneously in the
brains of adult VM mice (45, 46). The brain tumors we
studied were grown from clonal cell lines established from
each tumor. The high reproducibility of the CL abnor-
malities within independent samples indicates that the CL
abnormalities are a stable phenotype of each brain tumor
type. The ETC abnormalities in these mouse brain tumors
do not arise from mutations within the mitochondrial ge-
nome, because no pathogenic mutations were found in the
sequenced genome of each brain tumor (64). It is interest-
ing, however, that abnormalities in CL molecular species
exist in the brains of the inbred VM mice (39). These CL
abnormalities might contribute to the relatively high inci-
dence of spontaneous gliomas in this strain. In light of
these findings, we suggest that inherited mutations within
the nuclear genome could contribute either directly or in-
directly to abnormalities in CL synthesis or remodeling.

In addition to inherited mutations, somatic mutations in
tumor suppressor/oncogenes or aneuploidy could also
produce mitochondrial defects, thus causing CL abnor-
malities (65–67). CL abnormalities could also arise from
a variety of epigenetic causes involving abnormalities in
cellular proliferation, metabolic flux, and calcium homeo-
stasis (68–70). A variety of environmental insults, includ-
ing necrosis, hypoxia/ischemia, dietary imbalances, and
reactive oxygen species, could also alter CL content and/
or composition, thus contributing to tumor initiation or
progression (71–75). Hence, respiratory injury in tumor
cells can be linked to CL abnormalities through numerous
genetic, epigenetic, and environmental factors (Fig. 6).

The CL abnormalities we describe here could underlie
in part the therapeutic response of these and other tumors
to dietary energy restriction and metabolic targeting (4,
76–82). By impairing ETC efficiency, CL abnormalities
would reduce the ability of tumor cells to obtain energy
from metabolic fuels other than glucose (3). Although
our findings provide evidence linking the Warburg cancer
theory with abnormal CL, it is important to recognize that

not all CL abnormalities are associated with cancer. In-
deed, CL abnormalities have been found in a variety of
non-neoplastic diseases, to include diabetes, Barth syn-
drome, and several neurodegenerative diseases (40, 73,
74). Nevertheless, our findings provide new evidence that
abnormal CL can underlie the irreversible respiratory in-
jury in tumors, thus linking Warburgʼs cancer theory to
abnormal CL.

The authors would like to thank Mary Roberts, Daniel
Kirschner, Rena Baek, Purna Mukherjee, and John Mantis
for helpful discussions.
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